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detoxification, calcium regulation, and the segregationStanford, California 94305
of nuclear contents from the cytoplasm. The ER contains
at least three subcompartments: the ribosome-studded,
rough ER, the nuclear envelope, and the peripheral or
“smooth” ER (Figure 1; reviewed in Sitia and Meldolesi,Progress in identifying, characterizing, and localizing
1992; Hauri and Schweizer, 1997; Baumann and Walz,the constituents of distinct membrane bound com-
2001). Smooth ER is abundant in certain cell types in-partments has revealed a new level of intracellular
cluding liver, muscle, and neurons. In skeletal musclesubcompartmentation. Proteins and lipids are not uni-
cells, for example, the sarcoplasmic reticulum is a typeformly distributed in a given organelle, and subdo-
of smooth ER that is specialized for calcium regulation.mains are formed by a combination of hierarchical
An additional specialization of the rough ER is the so-assembly processes and protein exclusion. Thus,
called, transitional ER where transport vesicles form,functionally distinct specializations of a given organ-
carrying exiting proteins on to the Golgi complex.elle are physically segregated to a greater extent than
Proteins such as the soluble chaperones, BiP, andpreviously believed.
protein disulfide isomerase are found in essentially all
ER subdomains (with the possible exception of the tran-It has long been known that the lipid bilayers that com-
sitional ER). Moreover, many membrane proteins of theprise intracellular organelles contain specialized do-
rough ER are also present in the smooth ER and outermains. For example, the rough and smooth domains of
nuclear envelope. The membrane bilayers and lumenalthe endoplasmic reticulum (ER) are distinguished by the
content of the various ER compartments are physicallypresence or absence of ribosomes, and although the
contiguous: several GFP-tagged lumenal and mem-nuclear envelope is contiguous with the ER, nuclear
brane proteins display rapid diffusion between thesepore complex components are highly segregated from
compartments (reviewed in Rolls et al., 2002).the remainder of ER constituents. At the cell surface,
The rough ER contains a concentrated representationthe collection of proteins into clathrin-coated pits repre-
of proteins involved in the translocation of nascentsents another early-appreciated example of microdo-
chains into the ER lumen. This includes proteins involvedmain formation. Segregation into coated pits requires
in ribosome docking together with the polypeptides thatprotein:protein interactions that link receptor cyto-
comprise the translocation apparatus or translocon. Oli-plasmic domains with the coat assembly apparatus (Ari-
gosaccharyl transferase is associated directly with thedor and Traub, 2002). Non-clathrin-mediated uptake
translocon, and proteins involved in the folding and as-pathways also exist, and these are likely to also utilize
sembly of nascent chains such as membrane bounddistinct protein:protein and protein:lipid interactions (cf.
calnexin, calreticulin, the ER chaperone GRP94, andPelkmans and Helenius, 2002). Lipid:lipid interactions
protein disulfide isomerase act in close proximity to themay also contribute to microdomain establishment in a
translocon complex. The highly abundant chaperonesnumber of compartments, and the enrichment of special
show low affinity interactions among one another that
lipids in caveolae has highlighted the importance of such
can be detected by in vivo cross-linking (cf. Tatu and
interactions (Maxfield, 2002).
Helenius, 1997). Although the translocon constituents
The past several years have revealed new molecular engage in a large set of functional and spatially related
detail regarding the existence and composition of spe- interactions, the proteins nevertheless display relatively
cialized domains within the ER, the Golgi, and also the high diffusion coefficients (Rolls et al., 2002). Thus, the
endocytic pathway. In all cases, subdomains represent rough ER appears to represent a dynamic domain that
functional specializations of a given membrane bound localizes proteins by virtue of protein:protein interaction
compartment. Domains such as nuclear pore complexes linked to nascent polypeptide chain and ribosome/poly-
represent stable, macromolecular assemblies; other do- some associations.
mains represent more dynamic assemblages of func- The nuclear envelope comprises about 10% of the
tionally connected molecules. The localizations of an total ER surface area and is comprised of the inner
increasing number of proteins that function in distinct nuclear membrane, the outer nuclear membrane, and
membrane bound compartments have increased our the nuclear pore complexes that link these membranes
appreciation of the complexities of compartment subdo- (Figure 1). The capacity to bind chromatin and/or lamins
mains. In many cases, subdomain formation is triggered appears to lead to self-segregation of ER membrane
by the assembly of proteins needed to form transport proteins to the inner nuclear membrane; this set of pro-
vesicle coats and/or membrane fusion complexes; in teins includes the lamin B receptor, and lamina-associ-
other cases, functional complexes assemble to mediate ated polypeptides I and II. While these proteins show
an organelle-specific process. high mobility when present in the peripheral ER, their
mobilities are drastically reduced once incorporated into
the nuclear envelope (cf. Ellenberg et al., 1997). The
protein, nurim, shows tight association with the nucleus*Correspondence: pfeffer@stanford.edu
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elsewhere in the ER where they form a so-called,
annulate lamellae. These regions may represent assem-
bly precursors for nuclear pore complexes.
Smooth ER Compartmentation
Although the smooth ER is abundant in cells specialized
for lipid and cholesterol biosynthesis, enzymes that par-
ticipate in these pathways are not restricted to the
smooth ER. Thus, HMG CoA reductase, the rate-limiting
enzyme of cholesterol biosynthesis, is normally found
in both the rough and smooth ER; however, overexpres-
sion of this enzyme leads to a remarkable proliferation
of a crystalloid, smooth ER that is highly enriched in
HMG CoA reductase (cf. Orci et al., 1984). Similarly,
phenobarbital treatment leads to the induction of a num-
ber of liver enzymes including cytochrome P450 and
epoxide hydrolase; this induction is coupled with hyper-
proliferation of smooth ER. The molecular events under-
lying smooth ER hyperproliferation are not understood
but transmembrane domains or membrane anchors
seem sufficient to trigger the process and increasing
cholesterol levels may repress the process (Orci et al.,
1984, Hauri and Schweizer, 1997).
Although many proteins are found throughout the ER,
other proteins show a highly restricted localization. For
example, epoxide hydrolase is found exclusively in
smooth ER, and proteins of the inner nuclear envelope
are restricted both in terms of their distributions and
their diffusional mobilities. Conversely, CLIMP-63, a 63
kDa, integral membrane protein that links the ER directly
with the microtubule-based cytoskeleton, is excluded
from the nuclear envelope, and was recently shown to
self assemble into large, coiled-coil assemblies via its
lumenal domain (Klopfenstein et al., 2001). In situ, the
protein diffuses much less than other rough ER mem-
brane proteins and appears to self-oligomerize into
structures that are too large to diffuse out of reticular
ER tubules (Klopfenstein et al., 2001). Thus, a restricted
localization can either be due to selective protein:protein
interactions to generate a given domain or to local self-
aggregation, which can trap a protein in a given location.
The last subcompartment of the ER is the transitional
ER where transport vesicles are formed. This domain
represents the site at which coat formation is triggered
(Antonny and Schekman, 2001). The assembly of COPIIFigure 1. Subdomains of the ER
coats requires an ER integral membrane protein
(A) The ER is comprised of the rough ER that is ribosome-studded,
(Sec12p) that acts as a Sar1 GTPase nucleotide ex-the smooth ER, and the nuclear envelope. Proteins in the inner
change factor. The Sar1 GTPase is thus recruited to thenuclear envelope bind lamins and chromatin and become segre-
Sec12p-containing tER sites and initiates the recruit-gated there. The outer nuclear envelope is ribosome-studded and
functionally identical to other parts of the rough ER. Proteins of the ment of COPII coat subunits. The process is catalytic
nuclear pore complex are immobile and form a discrete subdomain. in that multiple Sar1 GTP molecules are generated by
(B) Electron micrograph of an exocrine cell of the pancreas. At the one Sec12p protein at a highly localized site; these pro-
bottom left is a portion of the nucleus and its nuclear envelope. The teins then initiate the localized formation of a cluster ofcytosol is filled with closely packed sheets of endoplasmic reticulum
COPII vesicles. In this manner, a coat assembly processstudded with ribosomes. (Courtesy of Lelio Orci, Geneva, Swit-
drives the formation of a membrane microdomain. Initialzerland).
experiments to localize mammalian Sec12p suggest that
the protein is a general ER protein (Weissman et al.,
yet does not appear to bind lamins or chromatin (Rolls 2001). Thus, it will be important to investigate how an
et al., 1999). Yet to be discovered, protein:protein inter- apparently, broadly localized protein can generate dis-
actions are likely responsible for this protein’s discrete tinct subdomains that are not uniformly distributed.
localization.
Proteins that comprise the nuclear pore complex Specialized Domains of the Golgi Complex
show strong concentration in the nuclear membrane The Golgi complex represents a major processing and
sorting compartment for proteins destined for secretionrelative to bulk ER, but various subunits can be found
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Figure 2. Compartments of the Golgi
Complex
The Golgi is comprised of multiple cisternae,
each housing distinct enzymes. Vesicles can
be seen budding from the rims of all cister-
nae; these buds comprise a cisternal subdo-
main. The trans Golgi network (TGN) is now
believed to contain at least two major subdo-
mains from which different classes of trans-
port vesicles form. Clathrin buds are formed
on tubules extending from the terminal cis-
terna; non-clathrin-coated buds leave the
Golgi from the penultimate cisternae. (Re-
drawn from Ladinsky et al., 1994).
or for delivery to the cell surface or lysosomes (Warren wicz et al., 1994) and contains the protein, GM130 (Naka-
and Malhotra, 1998). The organelle is made up of a mura et al., 1995). GRASP65, a cis Golgi surface protein
stack of membrane compartments that take the shape required for stacking of Golgi cisternae in vitro (Barr et
of flattened cisternae (Figure 2). It has long been recog- al., 1997), binds to GM130. GM130 also binds to the
nized that individual cisternae or pairs of adjacent cister- vesicle docking protein, p115 (Nakamura et al., 1997)
nae contain distinct sets of proteins and that the lipid and to Rab1, a GTPase needed for ER-to-Golgi transport
composition changes from one side of the Golgi stack (Moyer et al., 2001; Weide et al., 2001). p115 also inter-
to the other. Thus, the cis Golgi contains the O-linked acts with Rab1 (Allan et al., 2000). Preliminarily, then, a
oligosaccharide-modification enzyme, N-acetylgalac- cis Golgi matrix, comprised minimally of GRASP65 and
tosamine transferase. The medial Golgi (middle cister- GM130, exists as an independent unit that can be recog-
nae in the stack) contains N-acetylglucosamine trans- nized by the vesicle docking and tethering machinery
ferase I. The trans Golgi contains galactosyltransferase, constituents, Rab1 and p115. These proteins may repre-
and the most distal cisternae, the TGN, contains sialyl- sent the blueprints for building the first cisterna: incom-
transferase. Proteins enter the Golgi at the cis face and ing vesicles could recognize the compartment and de-
leave at the trans face. liver nascent secretory cargoes.
How cells form a Golgi complex containing a polarized GRASP55 is a medial Golgi matrix protein that is also
distribution of enzymes remains a fundamental and needed for Golgi stack formation in vitro (Shorter et al.,
unanswered question in cell biology. In addition to the 1999). GRASP55 interacts with Golgin-45, a protein that
segregation of enzyme activities among cisternal binds to the Rab2 GTPase, but not to Rab1 (Short et
classes, Golgi compartments are also segregated into al., 2001). Like Rab1, Rab2 is believed to function in ER
domains that are generated by the assembly of distinct to Golgi transport (Tisdale et al., 1992; Tisdale and Balch,
classes of transport vesicles: vesicles form uniquely at 1996). If Rab2 participates in transport through the Golgi,
the cisternal rims and not in the middle of cisternal one could imagine that Rab1 brings vesicles to the cis
structures. The Golgi must retain resident proteins in
Golgi while Rab2 helps dock vesicles at the medial Golgi.
one domain and catalyze vesicle formation in another.
Alternatively, Rab2 may regulate some structural aspect
Thus, as is true for the ER, transport vesicle formation
of Golgi stack assembly. GRASP55 and Golgin-45 thusrepresents a mechanism by which membrane subdo-
appear to define a medial Golgi matrix.mains are generated. Superimposed upon this organiza-
An appealing possibility is that a gradient of interac-tion, individual cisternae must be connected in a cis-to-
tions between cisterna-specific Golgi matrix proteinstrans orientation.
could itself, provide the basis by which a polarized GolgiSome Golgi enzymes may occur as assemblies within
complex is formed (Pfeffer, 2001). Since the Golgi matrixa given cisterna, which simplifies their compartmenta-
proteins seem to occur as large oligomeric complexes,tion. Nilsson et al. (1994) attached an ER retention signal
perhaps the secondary interactions between the medialonto one of two medial Golgi enzymes and found that
and cis matrices set up the stacking of cis and medialER retention of one medial enzyme led to ER accumula-
cisternae. As described below, Rabs are important de-tion of the other untagged, endogenous enzyme, and
terminants of organelle subdomains in the endocyticvice versa. In contrast, ER retention of a trans Golgi
pathway and may similarly participate in the establish-enzyme had no effect on the distribution of the medial
ment of Golgi subcompartments. Within the Golgi, theyGolgi enzymes. This type of protein:protein interaction
interact with specific effector proteins and may alsowould simplify the segregation of enzyme sets among
order the subsequent interactions of such effectors byGolgi compartments.
regulated recruitment of these molecules. Further workA detergent-insoluble Golgi matrix was identified that
bound specifically to the medial Golgi enzymes (Slusare- will be needed to explore this possibility in detail.
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Subdomains within the trans Golgi Network Subdomains of Early Endosomes
Early endosomes contain at least three functionally dis-The last station of the Golgi complex, the trans Golgi
network (TGN), appears to be segregated into multiple tinct elements that are needed for the processes of
receptor recycling, receptor targeting to lysosomessubdomains. Early immunoelectron microscopic analy-
sis of the distribution of the asialoglycoprotein and man- (“downregulation”), or endosome-endosome fusion and
fission. The identification of endosome subdomains wasnose 6-phosphate receptors revealed that the proteins
occupy distinct regions of the TGN (Geuze et al., 1987, made possible by the characterization of an increasing
number of proteins and lipids needed for endosome-1988). Subsequent high voltage electron microscopy
combined with computer axial tomography has pro- specific functions. Moreover, the elucidation of elabo-
rate layers of molecular interactions has further clarifiedvided a significantly higher resolution view of the TGN
and revealed clear and distinct domains with this Golgi how we think about endosome structure and function.
Early endosomes have long been known to containsubcompartment (Ladinsky et al., 1994, 2002). Howell
and coworkers found that in normal rat kidney (NRK) both tubular and vesicular domains that segregate rap-
idly recycling lipids and proteins from constituentscells, the Golgi is made up of seven cisternae, the last
three of which represent the exit compartments (TGN). destined for degradation (Figure 3; Gruenberg, 2001;
Kornfeld and Mellman, 1989). These morphological dis-Tubules emanate from TGN cisternae and are decorated
with either multiple, nascent, clathrin-coated vesicles tinctions hinted at underlying molecular distinctions
needed to generate distinct structural elements. Al-(cisterna 7) or multiple, nascent vesicles decorated with
a “lace-like” coat (cisternae 5 and 6). The clathrin-coated though we still do not know the identity of the molecules
that generate tubular versus vesicular domains, it seemsdomains likely mediate delivery of newly synthesized
lysosomal enzymes to prelysosomes; the lacy coats may clear that receptor-recycling factors are concentrated
in the tubular extensions that protrude from early endo-represent cargoes en route to the plasma membrane
and cell exterior. In addition, although the coats are only somes, while downregulation factors are concentrated
over the more spherical domain. In this manner, endoso-seen on budding profiles, the tubules from which they
emanate only yield a single class of coat. These tubules, mal domains are entirely analogous to smooth and
rough ER domains in that different proteins are concen-therefore, define subdomains of the TGN from which
specific vesicle types are derived. trated in different regions and provide distinct function-
ality to a particular subcompartment.How do coats form at the TGN? So-called GGA pro-
teins bind to mannose 6-phosphate receptor cyto- The recent visualization of endosomal protein segre-
gation using live cell video microscopy to follow multipleplasmic domains and likely aid their collection into
clathrin-coated buds (reviewed in Ghosh et al., 2003). Rab GTPases simultaneously has generated a great deal
of excitement and justifiably so, because it is so visuallyAbout 50% of GGA proteins are found distributed over
non-clathrin-coated domains, and this interaction may striking (cf. So¨nnichsen et al., 2000; De Renzis et al.,
2002; Barbero et al., 2002). While it was clear that struc-trigger collection of MPRs into nascent clathrin-coated
vesicles (Doray et al., 2002). GGA proteins are recruited tural subdomains should have been apparent, their dis-
covery required analysis of domain-specific marker pro-to the TGN by a member of the ARF family of small
teins.GTPases. ARF is needed for clathrin-coated vesicle for-
mation but not for the formation of lacy-coated vesicles
bound for the plasma membrane. ARFs are recruited to Rab GTPases as Domain Organizers
Human cells contain more than 60 Rab GTPases, whichthe Golgi by the presence of nucleotide exchange fac-
tors that are present there. Distinct ARF exchange fac- participate in transport vesicle formation, motility, dock-
ing, and fusion within the endocytic and secretory path-tors show specificity for different ARF subtypes, and
the exchange factors display unique localizations ways (Zerial and McBride, 2001; Segev, 2001). Rabs
localize to the surfaces of distinct membrane boundacross the Golgi stack (Zhao et al., 2002). Thus, it was
recently shown that a specific ARF-GEF participates in compartments and bind to a diverse set of Rab-specific
effectors to perform their different roles (see Jahn et al.,the assembly of GGAs and AP-1 at the TGN, events that
presage a vesicle formation event (Shinotsuka et al., 2003 [this issue of Cell]). Zerial and colleagues studied
Rab5 and Rab4, GTPases needed for endocytic vesicle2002).
Together, these data suggest that the formation of a to early endosome transport and early endosome:early
endosome fusion (Rab5) and receptor recycling fromclathrin-coated microdomain in the TGN is triggered by
the action of compartment-specific ARF GEFs. The endosomes to the cell surface (Rab4). These workers
identified a strong distinction in the localizations of Rabsmechanisms by which different ARF GEFs are localized
to distinct Golgi cisternae will be key to establishing within the early endocytic pathway:early endosomes
were found to contain overlapping but distinct distribu-specific subdomains within the TGN. Use of a small
GTPase GEF to initiate transport vesicle formation is remi- tions of Rab4 and Rab5 (So¨nnichsen et al., 2000; De
Renzis et al., 2002). Certain receptors such as the trans-niscent of subdomain formation at the transitional ER.
Less is known about the formation of vesicles en route ferrin receptor are transported to so-called recycling
endosomes prior to their return to the cell surface; recy-to the plasma membrane that would bud from cisternae
5 and 6; their formation is regulated by protein kinase cling endosomes contain both Rab4 and Rab11. Like
Rabs 4 and 5 in early endosomes, Rabs 4 and 11 alsoD, which is found in a TGN subdomain (Maeda et al.,
2001). Protein kinase D is comprised of a variety of lipid display overlapping but distinct distributions (So¨nnich-
sen et al., 2000; De Renzis et al., 2002). Analogously,and protein binding domains, and it will be important
to elucidate the interaction partners that are key for Rab7 and Rab9 occupy distinct domains within late en-
dosomes (Barbero et al., 2002).subdomain (and transport vesicle) formation.
Review
511
Figure 3. Clathrin-Coated Vesicles Deliver Endocytosed Molecules to Early Endosomes
Early endosomes are comprised of a large spherical domain from which long tubular extensions emanate. Recycling cargoes are segregated
into the tubular extensions, which pinch off and are transported either back to the cell surface or to a perinuclear location where they deliver
their cargo to so-called recycling endosomes. The tubules represent a receptor-recycling domain. Cargo molecules to be targeted to the
lysosome for degradation are ubiquitinated and packaged into vesicular structures that are internalized into the lumen of endosomes. This
process uses a protein named Hrs as well as a number of components discovered first in yeast. Hrs thus defines a downregulation domain.
Finally, early endosomes fuse with each other in a reaction that is catalyzed by the Rab5 GTPase. Rab5 recruits tethering molecules that
bring two endosomes together and catalyze their fusion. Rab 5 identifies a fusion domain. Certain tethering proteins bind both Rab5 and
Rab4. These may ensure that recycling tubules can return to the early endosome compartment by a Rab5-driven fusion process (see Figure
4 and text).
Rabs associate with membranes via two C-terminal, Golgi (Diaz and Pfeffer, 1998). TIP47 binds to mannose
6-phosphate receptor cytoplasmic domains and can20 carbon, branched geranylgeranyl groups. Consid-
ered individually, Rab proteins would have been ex- also bind concomitantly to Rab9, a Rab that is present
on late endosomes (Carroll et al., 2001; Barbero et al.,pected to diffuse freely over the cytoplasmic surface of
the early endosome in accordance with the fluid mosaic 2002; Hanna et al., 2002). Binding of TIP47 to Rab9
triggers a conformational change that increases TIP47’smodel for membrane architecture. Yet it is now clear
that Rabs do not intermix randomly, and a large number affinity for mannose 6-phosphate receptor cytoplasmic
domains, as well as for the Rab9 GTPase (Carroll et al.,of protein:protein and protein:lipid interactions lead to
Rab segregation and domain establishment. 2001). In this manner, TIP47 is recruited preferentially
onto a compartment that houses both Rab9 (late endo-
somes) and mannose 6-phosphate receptors. Moreover,Localization by Combination
Rab5, in its active, GTP bound conformation, binds to these specific interactions generate the Rab9 subdo-
main on late endosomes.a number of effector proteins and contributes to their
recruitment onto early endosomes (Zerial and McBride, Such a two-component “address” mechanism pro-
vides many advantages for discrete protein localization2001). The so-called early endosome antigen 1 (EEA1)
binds both Rab5-GTP and also the early endosome- and the overall processes of receptor trafficking. Con-
sider the fact that mannose 6-phosphate receptors arespecific lipid, phosphatidylinositol 3-phosphate (PI3P).
Because treatment of cells with wortmannin to inhibit present to some extent at the cell surface, in endo-
somes, and in the Golgi complex. TIP47 is needed onlyPI 3-kinase leads to the release of EEA1 from endosome
membranes, EEA1 requires PI3P for endosome associa- for their transport from late endosomes back to the
Golgi. By keeping the affinity of TIP47 for mannosetion. Yet expression of an activated form of Rab5 inhibits
EEA1 release even in the presence of the PI 3-kinase 6-phosphate receptor cytoplasmic domains low (1 M;
Krise et al., 2000) and above the cytosolic concentrationinhibitor (Simonsen et al., 1998). From these data, we
conclude that early endosome association of EEA1 is of TIP47 (300 nM), TIP47 will not remain bound to the
receptor unless it also encounters the second bindingmediated by dual interaction with PI3P and Rab5.
There are now increasing numbers of examples where partner, Rab9. Rab9 provides the address marker be-
cause it is localized primarily on late endosomes; it addi-cooperative interactions lead to a protein’s localization
on a given organelle. For example, TIP47 is a soluble tionally enhances TIP47’s binding affinity for the recep-
tor. The requirement for recognition of two bindingprotein that is required for the transport of mannose
6-phosphate receptors from late endosomes to the partners enhances the fidelity of the localization and also
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has the potential to sharpen the boundaries of protein the recycling tubules from the spherical endosomal core
and to maintain their relatively constant size.localization on distinct membrane bound compart-
ments. If recycling tubules are continually removed from early
endosomes, the remaining compartment would lose itsThe paradigm of combinatorial interaction can be car-
ried further with Rab5. In addition to EEA1, Rab5 also capacity to recycle incoming receptors due to the ab-
sence of the requisite molecular machinery. A recyclingbinds PI 3-kinase, an enzyme that generates PI3-P. This
leads to a local PI3P enrichment in the vicinity of Rab5. tubule will not simply contain Rab4 (as indicated in Fig-
ure 3); it will also be enriched in a discrete set of Rab4Such an environment is ideally suited to recruit EEA1
because of the concomitant presence of Rab5 and PI3P effectors that comprise a functional, receptor- and lipid-
recycling domain. Bifunctional Rab effectors ensure that(Simonsen et al., 1998). A protein named Rabenosyn also
seeks both Rab5 and PI3P and will become enriched in some of the recycling machinery remains associated
with Rab5-positive early endosomes. In this regard, itthis domain. Both EEA1 and Rabenosyn 5 help to recruit
the SNARE proteins and facilitate endosome:endosome is noteworthy that the bifunctional effectors discovered
to date are proteins that participate in early endosomedocking and fusion reactions (Zerial and McBride, 2001).
In this one microdomain, Rab5 recruits multiple ef- tethering prior to homotypic fusion. Perhaps these ef-
fectors can also facilitate the fusion of Rab4 positivefectors and is also stabilized there by the presence of
a Rab5-specific nucleotide exchange factor that can membranes with Rab5-containing endosomes. Alterna-
tively, they may ensure that some compartments alwaysreactivate the Rab should it hydrolyze bound GTP. It is
important to keep in mind the fact that domains labeled contain both Rab4 and Rab5. It will be important to
determine if effector bifunctionality enables early endo-positively for Rab5 are co-enriched for a large collection
of Rab5-interacting proteins and lipids (Zerial and somes to retain two types of functionality: Rab5-medi-
ated endosome fusion prior to sorting and Rab4-depen-McBride, 2001). Indeed, localized enzymatic conver-
sions generate Rab5-GTP and PI3-P as part of an auto- dent sorting to the recycling pathway.
The late endosome provides a more extreme examplecatalytic cascade of reactions that likely generate and
maintain the Rab5 domain. of the need to retain two distinct Rabs within a single
compartment (Figure 4). Late endosomes contain Rab7
and Rab9; Rab7 mediates fusion of late endosomes withInter-Domain Interactions
each other and also the delivery of early endosomeWhen GFP-tagged versions of Rab5 and Rab4 are co-
constituents to late endosomes. Rab9 facilitates the col-expressed in cells, about 50% of labeled structures con-
lection of mannose 6-phosphate receptors into vesiclestain both proteins (De Renzis et al., 2002). The domain
bound for the Golgi complex. If late endosomes con-containing both Rab4 and Rab5 also contains Rabeno-
tained only Rab9, they would become terminal compart-syn, which has the capacity to bind both Rab4 and Rab5
ments, in that they could only deliver cargo to the Golgi.via distinct domains. Although Rabenosyn appears to
If they retained Rab7, the compartment would be sus-bind Rabs 4 and 5 with similar affinities, it is found
tained in that it could still fuse with another late endo-preferentially on Rab5-positive structures and is likely
some, even after all mannose 6-phosphate receptorsrecruited there by virtue of a requirement for the con-
had been exported (Figure 4). Thus, it is advantageouscomitant presence of PI3P (De Renzis et al., 2002). About
for compartments to retain multiple Rabs to permit con-40% of Rab5-containing structures lack Rabenosyn and
tinued communication with other compartments andRab4: these likely represent the formation of a distinct
sustenance of an endosome class. Rab9 and Rab7 oc-Rab5-microdomain where Rab5 is likely to be unavail-
cupy distinct domains, yet it is likely that there will beable for Rabensoyn binding due to interactions with
effector proteins that bind to both of these GTPases toanother effector(s) and/or decreased levels of PI3P.
ensure that endosomes retain these functionally distinctLike Rabenosyn, the Rab5 effector Rabaptin-5 also
yet complementary Rab proteins.binds both Rab5 and Rab4 (Vitale et al., 1998). Why
would two functionally distinct Rabs share effector pro-
teins and interact with those common effectors by bind- Non-Rab-Mediated Microdomain Specification
Rabs are not the only specifiers of early endosome mi-ing to distinct domains of the effector proteins? Rab4
acts after Rab5 in the overall scheme for receptor recy- crodomains. Like EEA1 and Rabensoyn, the endosomal
protein Hrs also interacts with PI3P, and association ofcling. Zerial has suggested that a bifunctional effector
may help to order molecular events in the receptor trans- Hrs with endosomes is regulated by PI 3-kinase (Ko-
mada and Soriano, 1999; Urbe´ et al., 2000). However,port process (Vitale et al., 1998). For example, if Rab5
recruits a bifunctional effector onto endosomes, it may unlike EEA1 and Rabenosyn, Hrs does not rely on Rab5
for its localization to early endosomes (Raiborg et al.,drive a Rab5-specific step before a Rab4-specific pro-
cess can take place. 2001a); instead, it relies upon other interactions. Hrs
binds to ubiquitin chains via a ubiquitin-interacting motifAnother appealing model takes into consideration the
dynamic nature of the early endosomal system. Recy- that leads to sequestration of proteins into a degradative
pathway (Raiborg et al., 2002; Shih et al., 2002). Hrs alsocling receptors are thought to be segregated into the
tubular extensions. The tubules pinch off and either re- has a clathrin binding motif, and overexpression of the
Hrs protein triggers significant recruitment of clathrinturn to the cell surface via a rapid recycling route or are
transported to a perinuclear “recycling endosome” prior onto endosomes (Raiborg et al., 2001b).
Hrs resides in an early endosomal microdomain thatto delivery to the cell surface (Figure 3). Early endosomes
are capable of fusing with one another (homotypic fu- contains clathrin, dynamin, and Eps15, but excludes
EEA1 and likely also, Rab5 (Raiborg et al., 2001b). Thesion) but they also undergo fission reactions to release
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Figure 4. Endosomes May Need to Retain
Multiple, Distinct Rabs
(A) Late endosomes contain Rab7 and Rab9.
Rab7 mediates homotypic fusion of late en-
dosomes with other late endosomes and also
mediates delivery of earlier endosomes to
late endosomes. Rab9 drives transport of
mannose 6-phosphate receptors from late
endosomes to the Golgi. If an endosome were
generated that had Rab9 but not Rab7, it
would yield a fusion incompetent, terminal
vesicle that could not rejoin another endo-
some (lower example). It makes sense for
cells to retain multiple Rabs in a single com-
partment, even if they form distinct microdo-
mains. For this reason, distinct Rabs may
share effectors to retain them in a given com-
partment.
(B) YFP-Rab9 (red) and CFP-Rab7 (green) lo-
calize to distinct domains on late endosomes
in living, transfected BS-C-1 cells. The box in
the left image indicates the boundaries of the
enlarged image shown in the right image. (Re-
produced, with permission, from Barbero et
al., 2002).
Hrs domain excludes rapidly recycling transferrin recep- domain. Although distinct upon steady state observa-
tion, the Rab4, Rab5, and Hrs domains should betors and is likely formed to enhance the downregulation
of signaling receptors after their ligand activation at the thought of as highly dynamic structures that will be
formed by the continual release and rebinding of do-cell surface (Lloyd et al., 2002). Endosomal sorting of
ubiquitinated proteins requires a set of key proteins that main-specific constituents.
have been extensively characterized in yeast; these pro-
teins comprise so-called ESCRT complexes-I, -II and
-III, which may be recruited to the Hrs domain by direct The Chicken and Egg
Rabs appear to nucleate the assembly of lipids andprotein:protein interaction (Katzmann et al., 2001; Babst
et al., 2002a, 2000b; Conibear, 2002). peripheral and integral membrane proteins to form en-
dosomal domains. It should be possible to test whetherThe major PI 3-kinase present in the early endosome
is the Class III PI 3-kinase, hVps34 (Gillooly et al., 2001). Rabs (or any other protein) are truly key to microdomain
formation by mislocalizing a Rab (or other candidatep150 associates tightly with hVps34, and p150 mediates
the association of the hVps34/p150 complex with Rab5 molecule) and determining whether a microdomain can
be shifted to a new location. Zerial and coworkers have(Christoforidis et al., 1999; Murray et al., 2002). hVps34/
p150 shows significant colocalization with EEA1 (Murray shown that Rab C-terminal hypervariable domains can
relocalize of chimeric Rab proteins. Specifically, re-et al., 2002) yet its product, PI3P, is also necessary for
the formation of the EEA1-negative and Rab5-negative, placement of the C-terminal 35 residues of Rab5 or
Rab2 with 34 from Rab7 relocalized Rab5 or Rab2 toHrs domain. PI3P generated in the Rab5 domain may
partition to a significant extent into the Hrs domain by Rab7-positive late endosomes (Chavrier et al., 1991). It
will be interesting to explore the localization of Rab5direct interaction with proteins that comprise the Hrs
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effectors such as EEA1, Rabenosyn, Rabaptin-5 etc. in
cells expressing, for example, a Rab5/Rab7 chimera.
What is recognizing Rab hypervariable domains to
relocalize these proteins? Rab effectors may require
information encoded in hypervariable domains to medi-
ate binding. Indeed, sequences that comprise the
N-terminal most portion of the hypervariable domain
comprise part of the binding interface between at least
one Rab effector and its cognate GTPase (Ostermeier
and Brunger, 1999). Thus, another means may be
needed to relocalize a Rab without interfering with ef-
fector interaction, to test the role of Rabs in microdomain
formation. Indeed, little is known about the precise role
of Rab C-terminal hypervariable domain sequences in
terms of effector binding and its relationship to organ-
elle-specific Rab localization.
If Rabs are key to the establishment of endosomal
microdomains, we need to understand how Rabs are
delivered to the correct membrane compartment. To
follow is a summary of our current understanding of Rab
localization in mammalian cells. Prenylated Rabs exist
in the cytosol bound to a protein named GDI (GDP-
dissociation inhibitor; Pfeffer et al., 1995; Figure 5). This
complex contains all of the information needed to deliver
Rabs to the correct membrane compartment (Soldati et
al., 1994; Ullrich et al., 1994). Once delivered to the
correct membrane, nucleotide exchange takes place but
it occurs after a discrete lag (Soldati et al., 1994; Ullrich
et al., 1994). Endosome membranes contain membrane
proteins that have the capacity to physically displace
tightly bound GDI from prenylated Rab5, Rab7, and
Rab9, leading to their delivery onto endosomes (Dirac-
Svejstrup et al., 1997; see also Ayad et al., 1997). This
activity was named GDI-displacement factor (GDF, Fig-
ure 5), and its molecular identification will hopefully soon
be revealed.
Figure 5. Rab Delivery onto MembranesHow might a GDF act, and how many such enzymes
Prenylated Rab GTPases are present in the cytosol bound to GDI.would be required? The GDF first described has the
This complex delivers Rabs to target membranes. Rabs are deliv-capacity to act on endosomal Rabs, but not those that
ered first with GDP bound and then encounter a nucleotide ex-function early in the secretory pathway (Dirac-Svejstrup
change factor (GEF) that activates the Rab. The GTP bound Rabet al., 1997). Cells might contain two classes of GDFs:
then binds a downstream effector and becomes stabilized on the
one for the early secretory pathway and another for the membrane. GDF is a GDI displacement factor that recognizes
endocytic pathway. Rabs would first be delivered into Rab:GDI complexes and breaks them apart. GDFs are proteins and
the correct pathway and then, independently stabilized have not yet been identified molecularly. There may be two types
of GDF: one for endosomal Rabs and one for secretory Rabs. Endo-in the correct subcompartment by interaction with spe-
somal Rabs would be delivered to early and late endosomes thatcific effectors. If a Rab was delivered to the ER, it could
communicate with each other. Since recycling endosomes alsouse the secretory pathway to encounter effectors in the
communicate with these compartments, the concentration of Rab-Golgi. If a Rab was delivered onto endosomes, it could
specific GEFs and effectors in distinct microdomains would lead to
encounter effectors by signal independent transport accurate Rab delivery. Rabs delivered to the wrong compartment
through the endocytic pathway. It is important to re- can be retrieved by GDI because they will likely not be activated by
member that all endocytic compartments are in commu- a GEF.
nication with one another; Rabs delivered to early or
late endosomes could become part of the correct micro-
the correct microdomain context. For other Rabs, ef-domain upon encountering the correct combination of
fector binding can lock a Rab in its active conformation,binding partners.
thereby stabilizing it in a given location until the effectorIf a Rab is mislocalized, it may not encounter its cog-
is released. This type of stabilization may be importantnate nucleotide exchange factor or its cognate effectors.
for Rabs that facilitate unidirectional tethering reactions,Such a GDP-bearing Rab protein is a substrate for unoc-
such as the delivery of a secretory vesicle to its target.cupied, cytosolic GDI, which can extract the GDP-Rab
In this case, a docking factor-effector could stabilizefrom an incorrect target and reattempt a more accurate
the Rab in its active conformation for as long as it takesdelivery (Pfeffer et al., 1995).
for that vesicle to dock with the target membrane. TheThe association of the Rab5 guanine nucleotide ex-
effector may also utilize dual interactions to maintainchanger (GEF), Rabex-5, with the Rab5 microdomain via
Rabaptin-5, enables Rabex-5 to stabilize Rab5 within association with the secretory vesicle, such that tran-
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Table 1. Key Players in Subcompartment Establishment
Subcompartment Possible Domain Formation Mechanism(s)
Rough ER Ribosome and/or polysome binding?
Smooth ER ?
Inner Nuclear Envelope Chromatin/lamin binding
Outer Nuclear Envelope See rough ER
Nuclear pore complex NPC proteins
Transitional ER Sec12p, Sar1 GTPase, COPII coats
cis Golgi Cis Golgi matrix?
Medial Golgi Medial Golgi matrix?
trans Golgi ?
TGN clathrin cisterna Arf GTPase, GGAs, and clathrin coats
TGN non-clathrin cisternae Protein kinase D?
Early endosome (EE)
EE recycling Rab4 GTPase
EE down regulation Hrs and ESCRT complexes
EE fusion Rab5 GTPase, PI3-kinase
Late endosome
LE fusion Rab7 GTPase
LE to TGN transport Rab9 GTPase
sient release from the Rab would not lead to complete tional ER, the Golgi complex, and in endosomes. In addi-
tion, GTPases may participate in the overall organizationrelease from the transport vesicle. If the corresponding
nucleotide exchanger was held nearby, strong Rab- of the Golgi complex and in the assembly of fusion
complexes in the endocytic pathway. While most com-rebinding would be facilitated. The localization of other
Rab GEFs in relation to their corresponding Rabs will partment subdomains are formed by a hierarchical as-
sembly process, protein exclusion may contribute to thealso provide interesting additional information regarding
microdomain stabilization and Rab GTPase function. establishment of other subdomains. Despite the diver-
sity of mechanisms used to form subdomains, their func-Endosomes have long been known to be capable of
receiving coated vesicle cargo and sorting receptors tional specializations represent a common thread that
underlies their cellular architecture.for recycling or transport to the lysosome. In addition,
endosomes have the capacity to fuse with each other
and also to undergo membrane fission. Now that the References
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